In many cancers, ) is a suppressor miRNA, but its underlying anti-oncogenic activity in breast cancer is not known. In this study, we found decreased miR-193a (specifically, miR-193a-5p) expression not only in breast cancer cell lines but also in breast cancer tissues as compared with the adjacent non-tumor tissues. Ectopic miR193a overexpression inhibited the proliferation, colony formation, migration, and invasion of MDA-MB-231 and BT549 cells. miR-193a reduced Wilms' tumor 1 (WT1) expression and repressed luciferase reporter activity by binding WT1 coding region sequences; mutation of the predicted miR-193a binding site abolished this effect. miR-193a and WT1 expression were significantly inversely correlated in breast cancer tissues. Importantly, the anti-cancer activity induced by miR-193a was partially reversed by WT1 overexpression, indicating an important role for WT1 in such activity related to miR-193a. Our results reveal that miR193a-WT1 interaction plays an important role in breast cancer metastasis, and suggest that restoring miR-193a expression is a therapeutic strategy in breast cancer.
Introduction
Breast cancer is a clinically heterogeneous disease. Aggressive disease is diagnosed in approximately 10-15% of cases, and distant metastases are developed within 3 years of the initial diagnosis. However, another typical occurrence is distant metastases that manifest at 10 years or more after the initial diagnosis [1] . Therefore, patients face the risk of developing metastasis after initial diagnosis. Defining a cure and assessing metastasis risk factors is difficult, as breast cancer metastasis is of a heterogeneous nature. Therefore, research should focus on molecular mechanisms and therapeutic methods against breast carcinogenesis and metastasis that are more precise so that patient survival and quality of life can be improved.
MicroRNAs (miRNAs) are single-stranded, noncoding RNAs that inhibit gene expression post-transcriptionally by degrading the target mRNA and blocking translation [2] . miRNAs a1111111111 a1111111111 a1111111111 a1111111111 a1111111111 act as major regulators in both human cancer initiation and progression, including that of breast cancer [2, 3] . Oncogenic miRNA upregulation and tumor-suppressive miRNA downregulation can result in malignant proliferation, invasion, and metastasis [4] [5] [6] . Pre-miR-193a can generate miR-193a-3p and miR-193a-5p, which are dominant and passenger arms, respectively. miR-193a-3p can suppress tumor development in humans by silencing SRSF2, HIC2, HOXC9, PSEN1, LOXL4, ING5, c-KIT, PLAU, and MCL1 [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] . In addition, miR-193a-5p can suppress tumor development by modulating cancer cell growth [16, 18] . In addition, miR193a suppresses the growth, migration, and invasion of breast cancer cells [19] . However, the molecular mechanism of the anti-cancer ability of miR-193a in breast cancer is not known.
The WT1 gene was originally deemed a suppressor gene in Wilms' tumor of the kidneys. However, it was subsequently revealed that WT1 acts as an oncogene in leukemia, lung cancer, breast cancer, and glioblastoma [20] . The WT1 gene encodes a transcriptional regulator, a zinc finger transcription factor, and RNA-binding protein that can activate or inhibit numerous target genes, leading to proliferation, differentiation, and apoptosis [21] . Therefore, elucidation of the WT1 regulatory mechanism in breast cancer is important.
Here, we report interaction between miR-193a and WT1 in breast cancer. miR-193a was decreased in breast carcinoma tissues as compared to the paired adjacent non-cancerous tissues. We found that miR-193a overexpression inhibited the migration and invasion of breast cancer cells by modulating WT1 expression. Additionally, WT1 overexpression partially prevented metastasis inhibition induced by miR-193a, suggesting that WT1 plays an important role in miR-193a anti-metastasis activity. Therefore, the restoration of miR-193a expression might be a novel strategy for improving survival in breast cancer.
Materials and methods

Patients and specimens
We obtained breast tumor tissues and the paired normal adjacent tissues from patients without preoperative chemotherapy, hormone therapy, or radiotherapy who had undergone tumor resection at the Department of Surgical Oncology of the First Affiliated Hospital of Wenzhou Medical University between 2012 and 2015. All patients provided written informed consent. We acquired demographic and other clinical variables from the tumor registry database system. The First Affiliated Hospital of Wenzhou Medical University clinical research ethics committee approved the study protocol.
Cell culture
The MDA-MB-231 and BT549 breast cancer cell lines were purchased from Shanghai Cell Bank (Shanghai, China) and were cultured in RPMI 1640 medium (Gibco, Grand Island, NY, USA) supplemented with 10% fetal bovine serum (FBS, Sigma-Aldrich, St. Louis, MO, USA) and 100 units/mL penicillin and streptomycin in a humidified atmosphere of 5% CO 2 at 37˚C.
Plasmid construction
To construct the plasmid expressing miR-193a, we amplified the primary sequence of hsa-premiR-193a and its flanking regions using specific primer pairs(S1 Table) , and then cloned them into pcDNA3.1(-) vector (Invitrogen, Carlsbad, CA, USA) and lentivirus vector pLVX-IR-ES-ZsGreen1 (Clontech, Palo Alto, CA, USA) to produce LVX-miR-193a. To construct the plasmid expressing WT1, we synthesized a human WT1 isoform [EX5(-)KTS(-), NM_000378] coding sequence (CDS)(S1 Text) directly (GENEWIZ, Suzhou, China) and then cloned it into pcDNA3.1(-) vector (Invitrogen) and retrovirus vector pMSCV-puro (Clontech). The human WT1 isoform CDS contained a predicted miR-193a-5p target site (AAGACCCA) located in sequence 1538-1545, and not in the 3ʹ untranslated region (3ʹ UTR); the CDS was PCR-amplified and cloned into pMIR-REPORT vector (Ambion, Dallas, TX, USA) and designated pMIR-WT1CDS. We generated a miR-193a-5p binding site mutation in the CDS using a sitedirected mutagenesis kit (Agilent Technologies, Palo Alto, CA, USA). S1 Table lists the primer sequences used. We confirmed all constructs via sequencing.
Luciferase activity
We seeded 1 × 10 5 HEK293T cells per well in 24-well plates. After 24-h growth, the cells in each well were transiently cotransfected with 100 ng pMIR-REPORT plasmid containing 10 ng internal control vector pRL-SV40 (Promega, Madison, WI, USA), wild-type or mutant pMIR-WT1CDS, and 60 pmol miR-193a mimics or scramble using HiPerFect transfection reagent (Qiagen). After 24 h, we measured firefly and Renilla luciferase activity using a DualLuciferase Reporter Assay (Promega). The relative luciferase activity was estimated by normalizing firefly luciferase activity to that of Renilla for each assay.
Virus production and cell transfection
Before the 24-h transfection, we plated 4 × 10 6 HEK293T cells in 10-cm dishes. The cells were cotransfected with pLVX-miR-193a, pLVX-NC (negative control), MSCV-WT1, and MSCV-NC with packaging and envelope vectors. After 48 h, the viruses were harvested from the supernatant, and filtered through 0.45-μm low-protein binding polysulfonic filters (Merck-Millipore, Billerica, MA, USA). We inoculated 2 × 10 5 MDA-MB-231 or BT549 cells in 6-well plates. Cultures that were approximately 30-60% confluent were transfected with lentivirus pLVX-miR-193a or pLVX-NC, followed by 8 μg/mL polybrene (Sigma-Aldrich) to increase infection efficiency. Subsequently, the cells were transfected with MSCV-WT1 or MSCV-NC. Positive clones were selected via 1-week puromycin (2 μg/mL, MedchemExpress, Princeton, NJ, USA) selection.
RNA extraction and quantitative reverse transcription-PCR (qRT-PCR)
We isolated total RNA from the cultured cells and patient tissues using TRIzol (Invitrogen) according to the manufacturer's instructions, and reverse-transcribed it into complementary DNA (cDNA) using an RT kit (TOYOBO, Shanghai). The cDNA template was PCR-amplified using Thunderbird SYBR qPCR mix (TOYOBO) on an ABI PRISM 7500 instrument (Applied Biosystems, Carlsbad, CA, USA). The reactions were incubated in a 96-well optical plate at 95˚C for 1 min, followed by 40 cycles of 95˚C for 15 sec and 60˚C for 1 min. Expression levels were normalized to glyceraldehyde-3-phosphate dehydrogenase (GAPDH), and we calculated relative gene expression levels using the comparative threshold cycle (2 −ΔΔCt ) method. All experiments were performed in triplicate.
Western blotting
We isolated total proteins from the cultured cells, and detected protein concentrations using a Pierce bicinchoninic acid protein assay kit (BCA Protein Assay Kit). We separated 20 μg protein from each sample using 12% sodium dodecyl sulfate-polyacrylamide gel electrophoresis and transferred them electrophoretically to nitrocellulose membranes (Millipore, Billerica, MA, USA). The membranes were blocked with 5% skimmed milk powder in phosphate-buffered saline (PBS) containing 0.1% Tween 20 at 37˚C for 2 h, and then incubated overnight with primary antibodies against WT1 (1:1000; Cell Signaling Technologies, Beverly, MA, USA) and β-actin (1:5000; Cell Signaling Technologies). Horseradish peroxidase-conjugated anti-rabbit immunoglobulin G (Cell Signaling Technologies) was used as the secondary antibody. Bands were scanned using a densitometer (Bio-Rad, Richmond, CA, USA), and performed quantification using Bio-Rad Image Lab 4.1 software.
Cell proliferation assay
To assess cell proliferation, we seeded 2 × 10 3 MDA-MB-231 and BT549 cells per well in 100 μL culture medium in quintuplicate in 96-well plates. We measured the cell proliferation index using the 3-(4, 5-dimethylthiazol-2-yl)-2,5-diphenyl bromide assay (Cell Counting Kit-8, CCK-8, TOYOBO) according to the manufacturer's instructions at day 1, 2, 3, and 4 after transfection. We measured optical density (OD) at 450 nm using an automated microplate reader (Beckman DU6400 spectrophotometer, Beckman Coulter).
Cell migration assay
The cell migration assay was performed in vitro using 24-well Transwell chambers. Cells (2 × 10 4 ) were seeded in the top chambers, and the bottom chambers were filled with RPMI 1640 medium (600 μL) containing 10% FBS to stimulate migration. After 18-h incubation, the cells were stained with 0.1% crystal violet. The cells that had migrated through the ostioles to the reverse side were counted under a microscope in five pre-determined fields at ×200 magnification. Each assay was performed in triplicate.
Cell invasion assay
The cell invasion assay was performed using 24-well Transwell chambers. Cells (1 × 10 5 ) were seeded in the Matrigel-coated (BD Biosciences, USA) top chambers. The bottom chambers were filled with RPMI 1640 medium (600 μL) containing 10% FBS to stimulate invasion. After 16-h incubation, the cells were stained with 0.1% crystal violet. The cells that had invaded through the Matrigel to the reverse side were counted under a microscope in five pre-determined fields at ×200 magnification. Each assay was performed in triplicate.
Wound healing assay
Cells (2 × 10 5 ) in a 6-well plate were grown to 80% confluence at 37˚C in a 5% CO 2 incubator. The monolayers were scratched with a plastic pipette tip, washed with PBS to remove cell debris, and incubated in serum-free medium for 24 h. We photographed cells within the tagged fields under phase-contrast microscopy (×100 magnification) at 0 h and 24 h after wounding.
Colony formation assay
We stably transfected MDA-MB-231 or BT549 cells with pLVX-NC or pLVX-miR-193a. After pancreatic enzyme digestion, the cells were counted and we inoculated an average 2000 cells per well in 6-well plates. We changed the medium every 3-4 days. After 2 weeks, the cells were washed using PBS, and fixed for 10 min in cooled methanol. Then, 0.1% crystal violet was added and allowed to incubate for 40 min. Next, the plates were washed with clean water to remove the stain, and the number of colonies formed was counted under ×200 magnification (minimum criterion for a colony = 50 cells). Immunofluorescence assay
We seeded 10 5 cells per mL breast cancer cells onto coverslips and cultured them in a 6-well culture plate for 24 h. The cells were washed in cold PBS and fixed in 2% paraformaldehyde-PBS for 30 min, permeabilized in methanol for 20 min at 4˚C, and blocked in 5% bovine serum albumin for 120 min at room temperature. The coverslips were incubated overnight with primary antibody against WT1 (1:100; Cell Signaling Technologies), followed by incubation with tetramethylrhodamine isothiocyanate-conjugated secondary antibody for 1 h, and then diamidinophenylindole staining. Finally, the coverslips were observed under a fluorescence microscope (×1000 magnification, Olympus BX51 Tokyo, Japan).
Statistical analysis
The data are reported as the mean ± SD. The Student t-test (2-tailed) was used to determine the significance of differences between the groups. The association between WT1 or miR-193a expression and clinicopathological variables was analyzed using Fisher's exact test. Two-group comparisons of miR-193a or WT1 were made using a paired Student's t-test. The statistical analysis was performed using SPSS software (SPSS 22.0, Chicago, IL, USA). P < 0.05 was deemed statistically significant.
Results
Study subjects
We enrolled 25 patients according to the inclusion criterion. Table 1 lists the clinical characteristics of the subjects and their miR-193a and WT1 expression levels.
miR-193a was downregulated in breast cancer tissues
To analyze miR-193a expression in breast cancer, we first detected miR-193a levels in 25 pairs of human breast carcinoma tissues and their adjacent non-cancerous tissues. miR-193a expression was significantly lower in the breast carcinoma tissues than in the paired adjacent noncancerous tissues (Fig 1A, p = miR-193a inhibited breast cancer cell migration, invasion, and proliferation
To determine the biological role of miR-193a in breast cancer, we transfected MDA-MB-231 and BT549 cells with pLVX-miR-193a or the negative control pLVX-NC. miR-193a levels in the MDA-MB-231 and BT549 cells were increased by about 131-fold and 62-fold, respectively, compared to the negative control. miR-193a overexpression inhibited breast cancer cell migration (Fig 2A) and invasion ( Fig 2B) ; restoring miR-193a expression significantly inhibited MDA-MB-231 and BT549 cell motility, proliferation, and colony formation (Fig 2C-2E ).
miR-193a downregulates WT1 to inhibit breast cancer proliferation and metastasis miR-193a targeted WT1 directly
We used miRanda (http://www.microrna.org/microrna) to predict possible target genes to select the possible miR-193a target gene. Among the candidates, WT1 was selected for further study because it acts as an oncogene in human cancers. The WT1 CDS containing putative wild-type or mutant miR-193a binding sites was subcloned into pMIR vector to produce wild- type vector (pMIR-WT1CDS) and mutation vector (pMIR-WT1CDS, Mut), respectively ( Fig  3A) . HEK293T cells were cotransfected with the vectors with miR-193a mimics or negative control. miR-193a overexpression decreased luciferase activity by approximately 50%. miR-193a downregulates WT1 to inhibit breast cancer proliferation and metastasis However, the mutated putative miR-193a binding site almost abolished the decrease of luciferase activity (Fig 3B) . Western blotting (Fig 3C) and immunofluorescence staining (Fig 3D) showed that in cells transfected with pLVX-193a, WT1 protein was downregulated as compared to transfected with the negative control.
qRT-PCR was conducted on 25 pairs of human breast cancer tissues and their adjacent non-cancerous tissues to validate the correlation between miR-193a and endogenous WT1 expression in breast cancer. WT1 expression was significantly upregulated in breast carcinoma tissues compared to that in the adjacent non-cancerous tissues (Fig 3E) . When the relative expression of miR-193a was plotted against the relative expression of WT1 (Fig 3F) , it revealed that WT1 and miR-193a were significantly inversely correlated (R 2 = 0.1859; p = 0.0314).
miR-193a downregulated WT1 protein; ectopic WT1 overexpression partially prevented inhibition of metastasis and proliferation induced by miR-193a
To determine whether WT1 overexpression would prevent metastasis induced by miR-193a, we cotransfected MDA-MB-231 and BT549 cells with pLVX-miR-193a and MSCV-WT1. Cells transfected with MSCV-WT1 had significantly increased WT1 expression as compared with the negative control (Fig 4A, lane 4 versus lane 2) . Furthermore, miR-193a expression slightly weakened WT1 overexpression (Fig 4A, lane 5 versus lane 4) . As metastasis was inhibited by miR-193a targeting of WT1 protein, we examined whether WT1 counteracts the anti-metastasis effect induced by miR-193a. We cotransfected MDA-MB-231 and BT549 cells with pLVX-miR-193a and MSCV-WT1 to examine cell migration and invasion. The miR-193a-induced anti-migration (Fig 4B) and anti-invasive (Fig 4C) effects were reduced by WT1 overexpression. WT1 overexpression also partially prevented the inhibition of motility induced by miR-193a (Fig 4D) , and similarly partially blocked the decreased colony formation induced by miR-193a (Fig 4E) .
Discussion
WT1 is a complex gene with 10 exons, and expresses at least 36 subtypes, each with four zinc fingers [20] . Different roles have been ascribed to WT1 in carcinogenesis. Although WT1 was initially identified as a suppressor gene in Wilms' tumor, it acts as an oncogene in malignancies such as leukemia, glioblastoma, and lung cancer [20] . Its role in breast carcinogenesis is poorly understood. In the early stage of breast cancer development, DNA hypermethylation occurs in the WT1 promoter and leads to the low WT1 expression in breast cancer [22] . In breast cancer, higher WT1 expression is associated with higher histological stage and worse prognosis, and WT1 acts as an oncogene in breast cancer progression [23] . Our study also shows that the adjacent non-cancerous tissues had low levels of WT1 as compared with the breast cancer tissue. Although the relationship between WT1 and breast cancer has been studied, the biological significance of WT1 signaling in breast cancer has not been completely elucidated. miR-193a downregulates WT1 to inhibit breast cancer proliferation and metastasis miRNAs are often abnormally expressed in cancerous tissue and can have cancer gene or tumor suppressor gene characteristics [4, 24] . miR-193a deficiency is present in many cancers [16, [25] [26] [27] [28] [29] . We, too, report reduced miR-193a-5p expression in breast cancer tissues compared with the adjacent non-cancerous tissues. miR-193a-3p is a novel tumor suppressor that can inhibit cell cycle progression and proliferation in breast cancer by targeting cell cycle network proteins driven by epidermal growth factor receptor (EGFR) [30] . Our experiments suggest that it is likely that miR-193a-5p is involved in carcinogenesis and acts as a tumor suppressor in breast cancer. One miRNA can target multiple genes, while numerous miRNAs can target the same gene. Consequently, miR-193a may target multiple genes other than WT1, which may also have important roles in carcinogenesis. For example, in acute myeloid leukemia, miR-193a can repress c-KIT proto-oncogene expression and function as a tumor suppressor silenced by methylation [31] . miR-193a can also act as a tumor suppressor by targeting ERBB4 (human EGFR 2, HER2) and play a role in inhibiting proliferation and invasion and accelerating the apoptosis of lung cancer cells [14] . Uhlman and colleagues used reverse phase protein array to explore EGFR pathway regulation that involved miRNA, systematically identifying miRNAs that regulated the expression of 26 EGFR pathway proteins. They identified miR-124, miR-147, and miR-193a-3p as tumor suppressors that can inhibit breast cancer proliferation by regulating the cell cycle network protein driven by EGFR [30] . Leivonen and colleagues characterized miRNAs that targeted HER2 directly, and identified seven novel miRNAs (miR-552, miR-541, miR-193a-5p, miR-453, miR-134, miR-498, miR-331-3p) that regulated the 3ʹ UTR of HER2 directly [32] . At this point, the most important question therefore is how important this new pathway is in breast carcinogenesis. Here, we found that miR193a overexpression inhibited the proliferation, migration, and invasion of breast cancer cells. The enforced WT1 expression successfully, albeit partially, reversed the anti-proliferative, antimigration, and anti-invasion effects of miR-193a on breast cancer cells, although there are many targets of miR-193a. Our results suggest that the targeting of WT1 is an important mechanism by which the tumor-suppressive function of miR-193a is exerted. In this study, we have partly elucidated miR-193a regulation of WT1 in breast cancer, where the mechanism of miR193a downregulation during carcinogenesis can accelerate cell growth and promote cancer cell diffusion.
Although most studies indicate that miR-193a acts as a tumor suppressor, several other studies suggest that miR-193a is an oncogene and facilitates cancer cell proliferation. For example, knockdown of miR-193a-3p significantly inhibited cell proliferation and colony formation and induced cells into G1 phase arrest by directly targeting PTEN(phosphatase and tensin homolog deleted on chromosome ten), indicating that miR-193a-3p functions as a tumor-promoting microRNA in renal cell carcinoma [33] . Also, Fisher et al. reported that two antitumor agents (retinoic acid and lapatinib) had antimetastatic properties mediated by decreasing the expression of miR-193a, suggesting that miR-193a might be an oncomiR. Overexpression of miR-193a increased proliferation and survival of SKBR3 cells, thereby functioning as a tumor-promoting microRNA. SKBR3(estrogen receptor-negative and HER2+) cells are supposed to be greatly sensitive to the anti-neoplastic action of retinoic acid (ATRA) targeting RARα and lapatinib targeting HER2 [34] . Single miRNAs present biological activity by targeting different proteins, which may be differently expressed in cancer cells, resulting in the contradictory activity observed in different cell types. These discrepancies suggest the important role of cellular context in the function of miRNAs. Therefore, more studies are required to shed light on the activity of miR-193a in breast cancer cells.
Many studies have shown that the occurrence and development of breast cancer, including tumor metastasis, are complicated processes in which epithelial-mesenchymal transition (EMT) and mesenchymal-epithelial transition (MET) take place. A regulatory factor, WT1 miR-193a downregulates WT1 to inhibit breast cancer proliferation and metastasis can regulate and control EMT or MET in the epithelial cells of different organs. For example, in heart development, WT1 can activate the WNT4 gene specifically, subsequently controlling the interstitial cell epithelium. However, in kidney tissues, WT1 can specifically activate another gene and play a promoter role in MET. In the present study, breast carcinoma tissue samples with higher pathological stages had lower levels of miR-193a expression. These findings imply that miR-193a levels are associated with the degree of tumor cell differentiation. Therefore, we speculate that, miR-193a can affect the specific regulatory factor WT1 in mammary gland cells, influencing cell transformation and differentiation. In future studies, we will elucidate the downstream of WT1.
Conclusions
Identifying and characterizing miR-193a in breast cancer provides a better understanding of targeted therapy. miR-193a acts as a tumor suppressor by targeting WT1, thereby suppressing breast cancer growth and metastasis. The negative correlation between miR-193a expression and WT1 indicates that patients with breast cancer who have lower miR-193a expression may have higher WT1 expression, which might contribute to the activation of carcinogenesis and invasion. These results favor a strong correlation between WT1 and miR-193a, indicating that restoration of miR-193a expression may be a promising strategy for breast cancer clinical therapies and that WT1 could be a novel biomarker of breast cancer prognosis and diagnosis, and a potential molecular therapeutic target. 
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